(ZZ)-Muconaldehyde reacted with primary amines to give N-substituted-2-(2'-oxoethyl)-pyrroles, which were reduced to N-substituted-2-(2'-hydroxyethyl)-pyrroles by sodium borohydride. The pyrrole-forming reaction is exhibited by valine and its methyl ester, and is being developed with terminal valine in hemoglobin as a means of dose monitoring (Z,Z)-muconaldehyde, a putative metabolite of benzene. Reactions in aqueous solution between (Z,Z)-muconaldehyde and adenosine, deoxyadenosine, guanosine, or deoxyguanosine leading to pyrrole-containing adducts are described. The elucidation of the structures of the adducts was assisted by the study of reactions between (Z,Z)-muconaldehyde and both nucleoside derivatives and a model compound for guanosine. Reactions of (Z,Z)-muconaldehyde are complicated by its isomerization to (E,Z)-and (E,E)-muconaldehyde. The kinetics of this process have been studied in benzene, acetonitrile, and dimethylsulfoxide.
Introduction
Following the discovery that (E,E)-muconaldehyde is a metabolite of benzene (1) , it was of interest and importance to determine the contribution of the muconaldehyde isomers la to 1c (see Appendix for all structures) to the toxic effects of benzene on humans. (E,E)-Muconaldehyde Ic may be derived from the (E,Z)-isomer lb, which is formed by isomerization of the (Z,Z)-isomer la, the putative primary product of the oxidative cleavage of benzene. Scheme 1 shows a possible route (2,3) from benzene to la, in which the oxidant is either cytochrome P-4502E1 in metabolism or a powerful chemical oxidant [e.g., 2-methyl-2-trifluoromethyldioxirane, which converts benzene into a mixture of lb and Ic, presumably via la (4) ]. Muconaldehydes are obviously ox,f-unsaturated aldehydes and may therefore be expected to exhibit properties analogous to those of acrolein, for example, which is known to react with DNA to form cyclic adducts (5, 6) . However, muconaldehydes duplicate acrolein functionality and have the potential to cross-link biomolecules. We wish to determine the nature of the interactions of muconaldehydes with nucleic acids and proteins because these interactions may be relevant to the toxicity of benzene (7) . Adducts of muconaldehydes with DNA or 0 P450-dependent monooxygenase i Co hemoglobin might be found in animals and humans exposed to benzene. Adducts with hemoglobin might be useful for dose monitoring, while adducts with DNA might be indicative of an oncogenic pathway.
This article describes a detailed study of the behavior of muconaldehyde isomers in solution, their reactions with amine nucleophiles including amino acids and nucleosides, and a preliminary study of their reactions with DNA and a terminal heptapeptide of hemoglobin.
Materials and Methods
Chemicals, Reagents, and Solvents All chemicals and reagents used were obtained commercially and were purified where necessary by standard procedures (8) . N-(Benzyloxycarbonyl)-L-lysine benzyl ester benzenesulfonate was purchased from Bachem (Bachem Feinchemikalien AG, CH-4416 Bubendorf, Switzerland). Sodium methoxide in methanol solutions were prepared by dissolving sodium metal in methanol under nitrogen. The resultant sodium methoxide solution was assayed by titration with standard hydrochloric acid using bromothymol blue as indicator.
Solvents used for reactions of muconaldehyde were of high performance liquid chromatography (HPLC) grade or were purified by standard procedures (8) . Dimethylformamide was purified by standing over molecular sieves (3 A) for 24 hr, distilling from phosphorus pentoxide onto molecular sieves (3 A), and storing under nitrogen. Dichloromethane was passed through basic alumina immediately prior to use.
Methods
Solvents were removed on a rotary evaporator under reduced pressure at ambient temperature, except for dimethylformamide, which was removed by short path distillation under high vacuum at < 500 C.
,-oz P450-dependent 0 C01* monooxygenase Scheme 1. Proposed route (2, 3) for the conversion of benzene into (Z,Z)-muconaldehyde. 
-a]purin-6(9H)-one 4a (15.0 mg, 2.99 x 10-5 mol) in methanol (2.5 ml) was treated with a catalytic quantity of sodium methoxide (1.96 pl of a 2.29-M solution in methanol, 5 mol% per acetate function), and the mixture was stirred for 22 hr at room temperature. A further quantity of sodium methoxide (1.00 pl of a 2.29-M solution in methanol) was added, and the mixture stirred for 4 hr at room temperature. Excess of Dowex-50 X8 (H+ form) was added and the mixture was stirred for 30 min at room temperature. The solvent was removed in vacuo from the filtered mixture. The residue was subjected to medium pressure chromatography on silica gel 60 (elution with 7:1 acetone-methanol) to give a fraction that was washed with a small volume of acetone to afford 4,5-dihydro-5-hydroxy-9-p-D-ribosylpyrrolo [ Preparation of 4,5-Dihydro-5- 
Results

Stability of (Z;Z)-Muconaldehyde in Solution and Conversion into (13Z)-and (13E)-Muconaldehyde
In variety of solvents, (Z,Z)-muconaldehyde undergoes a remarkable, highly diastereoselective isomerization to (E,Z)-muconaldehyde, which suffers either acidor base-catalyzed conversion into the thermodynamically stable end product, (E,E)-muconaldehyde (9) . Kinetic data for isomerizations of (Z,Z)-muconaldehyde into (E,Z)-muconaldehyde in benzene, acetonitrile, and dimethylsulfoxide were obtained by monitoring reactions by 'H NMR ( Table 1) .
The similarity in rate of isomerization for a range of solvent polarity suggests a thermally allowed electrocyclic process, as shown in Scheme 2, in which 2-formyl-2H-pyran interconnects (Z,Z)-and (E,Z)-muconaldehyde (3, 9) . Analogous reactions have been described, for example, the ringopening of 2-alkenyl-2H-pyrans at room temperature (11) . The reaction in the direction 2-formyl-2H-pyran -> (Z,Z)-or (E,Z)-muconaldehyde can be analyzed by considering the interaction of HOMO diene with LUMO sigma (O/C-2 bond).
Hence, a disrotatory opening of this sigma bond must occur, which gives (Z,Z)-muconaldehyde if the hydrogen at C-2 moves outward (and the formyl group moves inwards), or (E,Z)-muconaldehyde if the formyl group moves outward. Using the data in Table 1 , the following activation parameters were calculated for the reaction in acetonitrile-d3: Ea 89 ± 5 kJ mol-1 and ASt-99 ± 5 Jmol-1 k-1. The relatively large negative entropy of activation is consistent with the conversion of an acyclic precursor into a cyclic transition state.
Studies of the isomerization of (Z,Z)-and (E,Z)-muconaldehyde in water and methanol were complicated by the formation of hydrates in water and acetals in methanol. The major species formed could be diagnosed by 'H NMR, e.g., 3 hr after dissolution of (Z,Z)-muconaldehyde in methanol-d4, the major species were (E,Z)-muconaldehyde and an acetal (or hemiacetal) of (E,Z)-muconaldehyde. In protic solvents an alternative mechanism of isomerization of (Z,Z)-into (E,Z)-muconaldehyde needs to be considered (Scheme 3). This may explain the observation that conversion of (Z,Z)-into (E,Z)-muconaldehyde is faster at higher pH. The cyclization process shown certainly occurs in basic methanol because the the cis-and transisomers of 2-(2'-hydroxyethyl)-5-methoxy-2,5-dihydrofuran were isolated after borohydride reduction (10) . Further information on the isomerizations of (Z,Z)-into (E,Z)-and (E,E)-muconaldehyde in water and aqueous buffers is given in the sections on reactions of (Z,Z)-muconaldehyde with nucleosides.
Reactions of (Z;Z)-Muconaldehyde with Simple Amines
We have previously reported (10) aDetermined from the integral of the aldehyde resonances observed in 'H NMR spectra. Typically, 30 to 35 mg of (Z,Z)-muconaldehyde was dissolved in 0.6 ml of the chosen solvent (except for benzene, in which the muconaldehyde was less soluble). Reactions of (Z;Z)-Muconaldehyde with Amino Acids and Peptides
We reported (10) that L-valine methyl ester and N-(benzyloxycarbonyl)-L-lysine methyl ester both react with (Z,Z)-muconaldehyde to afford pyrrole-alcohols 2c and 2d, respectively, after borohydride reduction of the initially formed pyrrole-aldehydes. In an improved procedure, L-valine methyl ester hydrochloride was treated with (Z,Z)-muconaldehyde in acetonitrile containing sodium carbonate for 15 min at 200 C. After addition of sodium borohydride in methanol and strirring for 15 min, a 64% yield of N-[(S)-1'-(methoxycarbonyl)-2'-methyl-n-propyl]-2-(2'-hydroxyethyl)pyrrole 2c was obtained. This procedure was not satisfactory for unprotected valine, but we found that the tetraethylammonium salt of L-valine, which is soluble in acetonitrile, gave 44% of (S)-2-[2-(2'-hydroxyethyl)pyrrol-1-yl]-3-methylpropanoic acid 2e on reaction with (Z,Z)-muconaldehyde (10 min at 200C), followed by addition of sodium borohydride in methanol. It is well established that N terminal valines in hemoglobin are a common site of modification by reactive electrophiles [e.g., epoxides (12) ]. We propose to develop immunochemical procedures based on hemoglobin valine adducts (13) for dosemonitoring muconaldehyde. It should be possible to raise monoclonal antibodies specifically to a pyrrole adduct derived from (Z,Z)-muconaldehyde and the N terminal heptapeptide. The antibodies obtained can be used in immunoaffinity enrichment procedures (14) to concentrate a valine-pyrrole adduct from enzymic digests of hemoglobin, thus permitting quantification of the adduct by mass spectrometry. By analogy with the reaction we observed for (Z,Z)-muconaldehyde with valine (above), it is expected that (Z,Z)-muconaldehyde [and (E,Z)-muconaldehyde] will convert the amino groups of N terminal valines into pyrrole units. To help define this reaction, the oc-chain N terminal heptapeptide NH2-Val-Leu-Ser-Pro-Ala-Asp-Lys-OH (a product of the digestion of hemoglobin by trypsin) has been synthezized by automated synthesis. Reaction of this heptapeptide with (Z,Z)-muconaldehyde in methanol containing sodium carbonate (10 min at 200C), followed by addition of sodium borohydride in methanol, gave an 85% yield of a 1:1 pyrrole adduct, which is subject to further investigation.
Reacdons of (ZZ)-Muconaldehyde with Nudeosides and CalfThymus DNA
We have found that cyclic adducts are formed from the reaction of (Z,Z)-muconaldehyde with nucleosides and model compounds for nucleosides. With such compounds, the reaction is probably initiated by an interaction between an exocyclic amino group and (Z,Z)-muconaldehyde leading to a pyrrole-aldehyde, the aldehyde function of which is intramolecularly trapped by a neighboring nucleophilic nitrogen function (Scheme 5).
2-Amino-4-hydroxy-6-methylpyrimidine 3a was chosen as a model compound for the pyrimidine systems of guanosine and deoxyguanosine in a reaction with and 4d, respectively) was based primarily on comparison of their 'H NMR spectra with the IH NMR of the 2-amino-4-hydroxy-6-methylpyrimidine adduct 3b. The 1H NMR spectra of adducts 4a and 4b displayed duplication of proton resonances indicative of a mixture of diastereoisomers. The structure of adduct 5a was determined by noting that the resonances for the 4-CH2, 5-CHOH, and 5-CHOH of 4a were absent from its 'H NMR, which exhibited an AB system at 6 7.10 and 8.18 (J 8.0 Hz). Furthermore, its electron impact mass spectrum showed a molecular ion at mlz 483. Adduct 5a is obviously derived by dehydration of 4a. It was deprotected to afford adduct 5b. The pyrimidine adduct 3b was dehydrated by heating in dimethylformamide and afforded a mixture of two compounds, one of which is believed to be the dehydrated species 6 by comparison of its iH NMR with 5a.
Adenine was reacted with (Z,Z)-muconaldehyde under similar conditions to those described for di-O-acetyl-2'-deoxyguanosine to give an adduct for which two alternative structures, 7a and 7b are possible. Structure 7b is preferred because an nOe was observed between the CHOH and the resonance at higher 6 value (assumed to be 8-H by analogy with adenine). The adenine adduct 7a/7b gave a retention time of 53 to 54 min under the standard HPLC conditions.
The identification of adducts 4d and 7a/7b makes available reference standards for a study of reactions of (Z,Z)-muconaldehyde with oligonucleotides and DNA. It is expected that adduct 7a/7b will be spontaneously released from DNA as a consequence of reaction with (Z,Z)-muconaldehyde, whereas adduct 4d will require enzymic digestion of modified DNA to effect its release. Preliminary reactions of (Z,Z)-muconaldehyde with calf thymus DNA have been carried out. These involved the addition of a 10 x molar excess of (Z,Z)-muconaldehyde to a solution of DNA in Tris buffer at pH 7.0, with heating at 37°C for 8 hr. As yet no adducts have been isolated from these reactions.
Reaction of (Z4Z)-Muconaldehyde with Nudeosides under Aqueous Conditions
Reactions of (Z,Z)-muconaldehyde with guanosine, 2-deoxyguanosine, adenosine and 2'-deoxyadenosine under aqueous conditions were studied using adducts prepared by the dimethylformamide/pyridinium p-toluenesulfonate and base-catalyzed methanolysis chemistry (above) as HPLC standards. The reactions were carried out under both aqueous acidic and neutral conditions at 35 to 40°C. Reverse-phase HPLC of the reaction mixtures was performed with ultraviolet diode array detection of the eluted compounds, allowing "on-line" identification by comparison with the standards. The adducts were formed readily under acidic conditions for all nucleosides and near neutral pH for guanosine and 2'-deoxyguanosine. Deoxyadenosine showed ready formation of the adenine adduct 7a/7b at pH 6 and temperature of 35 to 40°C. However, adenosine required heating to give 7a/7b, presumably to induce depurination of an intact adduct, as expected on the basis of the relative depurination rates of adenosine and 2'-deoxyadenosine.
Reactions of (ZZ)-Muconaldehyde with Guanosine and Deoxyguanosine under Aqueous Conditions
The reaction of guanosine with (Z,Z)-muconaldehyde was studied in pure water, in aqueous solution containing 10 mol% pyridinium p-toluenesulfonate, pH 3.5, and in 0.1 M, pH 7.0, sodium phosphate buffer. The guanosine adduct 4c appeared within 3 hr under the pH 3.5 conditions as judged by the retention time of the peak (a reference standard for the guanosine adduct 4c gave a retention time of 47-48 min under the HPLC conditions used) and its ultraviolet spectrum. After 24 hr there was no (Z,Z)-muconaldehyde remaining, with the most prevalent muconaldehyde isomer being the (E,Z) form, while after 5 days the (E,E)-isomer predominated. In pure water, in which the pH of the reaction mixture varied within the range 4.0 to 5.5, adduct 4c was also apparent within 3 hr. The predominant muconaldehyde isomer at 45 hr was (E,Z)-muconaldehyde. In pH 7 sodium phosphate buffer, adduct 4c was also apparent in the first few hours. The predominant muconaldehyde isomer after 48 hr was the (E,E)-isomer.
The reaction of 2'-deoxyguanosine with (Z,Z)-muconaldehyde in 0.1 M, pH 7.0, sodium phosphate buffer gave adduct 4d, behaving in a similar manner to the guanosine reaction under these conditions (adduct 4d gave a retention time of 52-53 min under the-HPLC conditions used).
Reactions of (ZZ)-Muconaidehyde with Adenosine and 2-Deoxyadenosine under Aqueous Conditions
The reaction of 2'-deoxyadenosine with (Z,Z)-muconaldehyde was studied in aqueous solution containing 10 mol% pyridinium p-toluenesulfonate, in 0.1 M, pH 6.0, sodium phosphate buffer, and in 0.1 M, pH 7.0, sodium phosphate buffer, while the reaction of adenosine with (Z,Z)-muconaldehyde was only performed in 0.1 M, pH 6.0, sodium phosphate buffer. 2'-Deoxyadenosine with (Z,Z)-muconaldehyde in aqueous solution containing 10 mol% pyridinium p-toluene sulfonate gave the adenine adduct 7a/7b (which was detected after 2.5 hr, and clearly evident after 24 hr). Another product (retention time of 43-44 min) was observed in this reaction mixture, but was not identified. When 2'-deoxyadenosine and (Z,Z)-muconaldehyde were incubated in 0.1 M, pH 6.0, sodium phosphate buffer, the adduct 7a/7b was apparent after 18 hr. The unknown product at 43 to 44 min, observed for the reaction with 10 mol% pyridinium p-toluenesulfonate, was also apparent. Incubation of 2-deoxyadenosine with (Z,Z)-muconaldehyde in 0.1 M, pH 7.0, sodium phosphate buffer did not give the adduct 7a/7b. Adenosine with (Z,Z)-muconaldehyde at pH 6 did not appear to give the adenine adduct 7a/7b after 1 week at 35 to 40°C. A sample of the reaction mixture was then heated to 700C and produced adduct 7a/7b. Discussion
In aqueous solution, muconaldehydes exhibit a complex behavior in which isomerization of the isomers competes with hydration reactions. In the presence of a purine nucleoside, (Z,Z)-muconaldehyde affords a tetracyclic adduct containing a pyrrole ring derived from the muconaldehyde (4d from 2-deoxyguanosine; 7a/7b from 2'-deoxyadenosine). The structures of these adducts and the mechanisms of their formation (Schemes 4,5) have been inferred from studies of reactions of (Z,Z)-muconaldehyde with simple amines and model compounds for nucleosides. If these kinds of adduct are formed in DNA, Watson-Crick hydrogen bonding sites would be blocked. The pyrrole adducts 4d and 7a/7b are structurally analogous to known mutagenic cyclic adducts, e.g., the etheno adducts implicated in cancer caused by exposure to vinyl chloride (15, 16) and ethyl carbamate (17) . However, assessment of the cancer risks from muconaldehydes and the relevance to benzene toxicology must await the results of further experiments.
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